We report elastic integral, differential, and momentum transfer cross sections from 10 to 30 eV for electron scattering by SnH 4 and PbH 4 , obtained using the Schwinger Multichannel Method with Pseudopotentials ͓M. H. F. Bettega, L. G. Ferreira, and M. A. P. Lima, Phys. Rev. A 47, 1111 ͑1993͔͒. With these molecules we close the series of XH 4 molecules, with XϭC, Si, Ge, Sn, Pb. We compare the present results with those obtained previously for CH 4 , SiH 4 , and GeH 4 . We find similarities in the cross sections for SiH 4 , GeH 4 , SnH 4 , and PbH 4 and a distinctive behavior of CH 4 . We discuss the role of the center atom size in the scattering process. To our knowledge this is the first ab initio calculation of the SnH 4 and PbH 4 electron scattering cross sections.
I. INTRODUCTION
In these last few years, ab initio low-energy electronmolecule collision calculations using multiparticle theories 1,2,3 have presented a great evolution. These closecoupling theories, specially designed to account for electronic excitations of the molecular targets, are computationally difficult to apply in cases of molecules with manyelectron atoms. The reason for this is that these methods are based on quantum chemistry computational codes where the Cartesian Gaussian functions are used in the expansion of the wave function. The number of functions in the basis set can grow enormously when we study molecules containing atoms with many electrons, because a good description of the molecular orbitals require a great combination of these functions. The best argument for this is that the molecular orbitals have nodes, and in order to describe them properly we have to combine many Cartesian Gaussian functions. The resulting large basis set quickly leads the calculations to computational limitations. With the purpose of developing an ab initio method able to deal with this problem we have recently shown that the Schwinger Multichannel Method ͑SMC͒ with soft norm-conserving pseudopotentials ͑PP͒ is a powerful technique to study low-energy electron scattering by large molecules. 4 In the present work we report cross sections for scattering of low-energy electrons by SnH 4 and PbH 4 obtained using the Schwinger Multichannel Method with Pseudopotentials ͑SMCPP͒ at the static exchange ͑SE͒ approximation bearing in mind that this is the natural first step towards more elaborated calculations including polarization effects and electronic excitations processes. Usually the SE approximation agrees well with experiment in a region of energy from 10 to 30 eV. So, as a first step, we have chosen to do the calculation of cross sections of molecules never investigated before within the SE approximation and in this energy region. But even this first step is practically impossible if one is dealing with molecules containing heavy atoms in allelectron calculations. Here lies the heart of the wedding between the SMC method and pseudopotentials. In the SMCPP method only the valence electrons are treated in a manybody framework. We can then deal with molecules with different sizes but equal valences in the same way.
4,5 The wave functions produced by these pseudopotentials are nodeless and smooth, allowing an expansion of the target and scattering wave functions in much shorter basis than in the allelectron case. Further, for a molecule like PbH 4 , the relativistic corrections cannot be neglected and, while the allelectron SMC is based in the nonrelativistic Schrödinger equation, the pseudopotentials incorporate much of the important relativistic corrections.
The SnH 4 and PbH 4 cross sections are presented together with those previously obtained for CH 4 and SiH 4 . We present results for GeH 4 for which we have done new calculations with a new basis set developed by the authors. 6 We also report momentum transfer cross sections for all the studied molecules.
II. THEORETICAL FORMULATION
The SMC ͑Refs. 1, 7͒ and SMCPP ͑Ref. 4͒ methods have been discussed in earlier works, and we will review here only some key steps of these methods. The SMC method is a multichannel extension of the Schwinger variational principle. Actually it is a variational approximation for the scattering amplitude, where the scattering wave function is expanded in a basis of (Nϩ1)-particle Slater determinants. The coefficients of this expansion are then variationally determined. The resulting expression for the scattering amplitude in the body frame is
where
͑3͒
In the above equations S k i , solution of the unperturbed Hamiltonian H 0 , is the product of a target state and a plane wave, V is the interaction potential between the incident electron and the target, m is an (Nϩ1)-electron Slater determinant used in the expansion of the trial scattering wave function, Ĥ ϭEϪH is the total energy of the collision minus the full Hamiltonian of the system, with HϭH 0 ϩV, P is a projection operator onto the open-channel space defined by the target eigenfunctions, and G P (ϩ) is the free-particle Green's function projected on the P-space.
With the choice of Cartesian Gaussian functions to represent the molecular and scattering orbitals, all the matrix elements arising in Eq. ͑1͒ can be computed analytically, except those from ͗ m ͉VG P (ϩ) V͉ n ͘ ͑VGV͒, that are evaluated by numerical quadrature. 7 The numerical calculation of the matrix elements from VGV represent the more expensive step in the SMC code and demand almost the entire computational time of the scattering calculation. These matrix elements are reduced to a sum of primitives two-electron integrals involving a plane wave and three Cartesian Gaussians,
and must be evaluated for all possible combinations of ␣, ␤, and ␥ and for several directions and moduli of k. Even for small molecules, a large number of these integrals must be evaluated. This limits the size of molecules in scattering calculations. In the SMCPP method we need shorter basis set to describe the target and scattering and consequently the number of two electron integrals is shorter than in the all-electron case. The reduction in the number of these integrals allows the study of bigger molecules than those reachable by allelectron techniques.
III. COMPUTATIONAL PROCEDURES
The Cartesian Gaussian functions for hydrogen were those generated by Dunning, 8 and are shown in Table I . The basis sets for the inner atoms are shown in Table II . The basis sets for Ge, Sn, and Pb, presented in Table II , were generated by fitting linear combinations of Cartesian Gaussian functions to the pseudo wave functions of the atoms. This procedure, appropriate for pseudopotential calculations, was found to give good results.
5 For completeness, in Table II we also present the basis sets for carbon and silicon already used elsewhere. 9 The cross sections were obtained in a fixed-nuclei SE approximation at the experimental geometries. The experimental bond lengths for all molecules are presented in Table III .
IV. RESULTS AND DISCUSSION
In Table III we compare the bond lengths obtained in the pseudopotential Hartree-Fock calculation ͑no correlation͒ with those of experiment. The bond length is a parameter very sensitive to the approximations made in the calculation, indicating that our technique is very satisfactory. The experimental bond lengths are systematically larger than the calculated values because the correlation missing in the HartreeFock theory makes the bonds weaker, and not because of any insufficiency of the pseudopotentials. 10 For the reader unaware of theory or practice of pseudopotentials, we remark that, though the five atoms C, Si, Ge, Sn and Pb have the same valence electrons, their pseudopotentials are very different and leave their blueprints in the calculated results of Table III .
Figure 1 compares our calculated differential cross sections for 10 eV electrons against CH 4 and SiH 4 with experimental data. 11, 12 The excellent agreement shows that our assertion on the validity of the SE approximation for 10-30 eV energy region is correct.
In Fig. 2 and in Table IV we present the integral cross sections for CH 4 , SiH 4 , GeH 4 , SnH 4 , and PbH 4 from 10 to 30 eV. Among the heavier molecules, and at higher energies, the cross section decreases as the molecular size increases. The cross section of CH 4 is markedly smaller than those of the heavier molecules. To bar the possibility of attributing the singular behavior of CH 4 just to its smaller molecular size, we also present the cross sections of CH 4 at the bond lengths of the SiH 4 , GeH 4 , and SnH 4 . Surprisingly, the integral cross section of CH 4 has little to do with its molecular size, suggesting that the hydrogens are not determining the scattering but only the inner atom matters. Figure 3 and Table IV show momentum transfer cross sections. In this case, the five molecules divide into two groups with distinctive behavior, the lighter group CH 4 and SiH 4 , and the heavier group GeH 4 , SnH 4 , and PbH 4 . Within each group the cross sections are not distinguishable. 4 only at 30 eV and is completely absent for the two lighter molecules. Thus, in the case of the differential cross sections, the molecules are distinguishable by their amount of higher momentum scattering, which follows a clear pattern according to the size of the inner atom.
V. CONCLUSIONS
In this paper we reported calculated integral, differential, and momentum transfer cross sections for scattering of lowenergy electrons by XH 4 ͑XϭC,Si,Ge,Sn,Pb͒ at the staticexchange level of approximation. We have used the Schwinger multichannel method combined with pseudopotentials. This combination makes feasible the calculation of molecules with atoms as heavy as Sn and Pb, with most of the relativistic corrections included. The five molecules have the same valence electrons ͑orbitals s and p with no nodes in the pseudopotential framework͒ and yet they have different molecular sizes, due to the different inner atoms, and different scattering behaviors. Though the molecules scatter differently, only CH 4 is clearly distinguishable in the integral cross Fig. 3 for 15 eV. section plots. The scattering behavior of these molecules seems to be mostly determined by the inner atom, the hydrogens only playing a minor part. The heavier molecules are distinguished in the differential cross section plots by the amount of f -scattering, which grows with the size of the central atom. 
